Activating transcription factor 4 (ATF4) has been shown to play key roles in many physiological processes. There are no reports, however, demonstrating a direct link between ATF4 and lipid metabolism. We noticed that Atf4-deficient mice are lean, suggesting a possible role for ATF4 in regulating lipid metabolism. The goal of our current study is to investigate the involvement of ATF4 in lipid metabolism and elucidate the underlying mechanisms. Studies using Atf4-deficient mice revealed increased energy expenditure, as measured by oxygen consumption. These mice also showed increases in lipolysis, expression of uncoupling protein 2 (UCP2) and β-oxidation genes and decreases in expression of lipogenic genes in white adipose tissue (WAT), suggesting increased utilization and decreased synthesis of fatty acids, respectively. Expression of UCP1, 2 and 3 was also increased in brown adipose tissue (BAT), suggesting increased thermogenesis. The effect of ATF4 deletion on expression of UCPs in BAT suggests that increased thermogenesis may underlie increased energy expenditure. Thus, our study identifies a possible new function for ATF4 in regulating lipid metabolism and thermogenesis.
Introduction
White adipose tissue (WAT) plays an active role in energy balance, because it not only serves as a lipid storing tissue but also as an endocrine organ secreting adiposederived hormones [1] . Lipid metabolism in WAT, including lipogenesis, lipolysis and fatty acid oxidation, is under tight control of the sympathetic nervous system (SNS) and adipose-derived hormones [2] . The mass of WAT is determined by a balance between energy intake and energy expenditure [3] . Total energy expenditure includes physical activity, basal metabolism and adaptive thermogenesis. It has been well established that thermogenesis represents a major form of energy expenditure and plays a significant role in the maintenance of energy balance [3] . Brown adipose tissue (BAT) is the primary site for thermogenesis and functions to regulate body weight by increasing the expression of uncoupling protein 1 (UCP1) in rodents [4, 5] . Activation of UCP1 increases uncoupling of oxidative respiration from ATP synthesis, resulting in dissipation of energy as heat [5] [6] [7] . This function of UCP1 is responsible for normal energy balance, because UCP1 ablation induces obesity [8] . Transcriptional regulation of the Ucp1 gene is positively controlled by several transcription factors including members of the peroxisome proliferators-activated receptor (PPAR) and CCAAT/enhancer-binding protein (C/EBP) families and cAMP response element-binding protein (CREB) [9] . Recently, it has been shown that UCP1 expression can also be negatively regulated by the liver X receptor [10] .
Activating transcription factor 4 (ATF4), also known as CREB2, TAXREB67, mTR67 or C/ATF, belongs to the family of basic zipper-containing proteins [11] [12] [13] [14] . It has been shown that ATF4 is constitutively expressed in a wide variety of tissues including brain, heart, WAT, BAT, liver, spleen, thymus, lung and kidney, as well as in cell lines derived from T cells, B cells, monocytes and fibroblasts [14, 15] . Accumulated evidence suggests that ATF4 plays an important role in regulation of the highlevel proliferation required during fetal-liver hematopoiesis [16] , long-term memory [17] [18] [19] , osteoblast differentiation [20] , ER stress [21, 22] , amino acid deprivation [23] and glucose metabolism [24] , etc. It has also been reported that ATF4 plays a key role in thermogenesis in BAT in small mammals [15] . There has been no report, however, that demonstrates a direct link between ATF4 and lipid metabolism.
It has previously been reported that Atf4 −/− mice are small [16] . We noticed that these mice were lean, suggesting that ATF4 plays a role in lipid metabolism. The physiological role and significance of ATF4 in lipid metabolism and thermoregulation were therefore investigated in our work. We observed increase in lipolysis and expression of β-oxidation genes, and decrease in expression of lipogenic genes in WAT, consistent with increased utilization and decreased synthesis of fatty acids, respectively. In addition, we observed increases in expression of UCP1 in BAT, suggesting increased thermogenesis, consistent with increased energy expenditure as measured by oxygen consumption. We hypothesize that these changes in WAT and BAT account for the significantly reduced fat mass in Atf4 −/− mice.
Results

Reduced WAT mass in Atf4
−/− mice Apart from being smaller compared with wild-type mice during postnatal development ( Figure 1A ), the surviving Atf4 −/− mice appeared healthy. Weight of body and tissues, including WAT and BAT, was markedly reduced in male Atf4 −/− mice ( Figures 1A and 1B) . Consistent with these changes, the adiposity index (ratio of abdominal body fat to body weight) was also reduced (0.90% vs 0.17%, P < 0.01) ( Figure 1B ). By contrast, the weight of tissues, including heart, liver and kidney, was similar in male Atf4 −/− and Atf4 +/+ mice ( Figure 1B ). The growth curve and body weight in both males and females, at all ages examined, were similar between Atf4 +/− and Atf4
mice (data not shown). We also found that Atf4 −/− mice are resistant to the high-fat diet-induced obesity, as shown by the decreased body and WAT weight compared with those of wild-type mice (data not shown).
Serum parameters were also analyzed in Atf4 +/+ and Atf4 −/− mice (Table 1) . There were no differences in levels of serum cholesterol between the male Atf4 +/+ and Atf4 −/− mice. By contrast, levels of serum triglyceride (TG) and free fatty acids were much lower in Atf4 −/− mice compared to Atf4 +/+ mice. Consistent with the decreased WAT mass in Atf4 −/− mice, levels of leptin decreased by about 83% in these mice. Levels of serum Norepinephrine (NE) were increased in Atf4 −/− mice. There were, however, no differences in serum thyroid hormone 3,5,3′-triiodothyronine (T3) and Epinephrine −/− mice (n = 8)) over 24-48 h after 6 h acclimation to the metabolic chamber. Statistical significance was determined by two-tailed student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001). −/− mice likely reflects an imbalance in TG synthesis, lipolysis and fatty acid β-oxidation. For this reason, we examined changes in expression levels of mRNAs coding for proteins related to each of these processes. We first investigated genes underlying the synthesis of TGs, which include fatty acid synthase (FAS), stearoyl CoA desaturase 1 (SCD1) and sterol regulatory element-binding protein 1c (SREBP1c). Levels of Fas and Scd1 mRNA were significantly reduced in WAT of Atf4 −/− compared with Atf4 +/+ mice ( Figure 3B ). Consistent with decreased Fas mRNA expression, levels of FAS protein were also decreased by 40% in Atf4 −/− mice ( Figure 3C ). Furthermore, levels of SREBP1c, the major transcription factor regulating lipogenesis in WAT, were also markedly decreased in Atf4 −/− mice ( Figure 3C ). Very interestingly, expression of Srebp1c mRNA was not decreased in WAT of Atf4 −/− mice ( Figure 3B ). . Statistical significance was determined by two-tailed student t-test (*P < 0.05, **P < 0.01). Figure 4B ). To further investigate the effect of ATF4 on lipolysis, we compared basal and stimulated glycerol release in WAT isolated from Atf4 +/+ and Atf4 −/− mice. The rates of glycerol release following stimulation with the β-adrenoceptor agonist isoproterenol were significantly higher in WAT isolated from Atf4 −/− compared with Atf4 +/+ mice; however, there were no significant differences in glycerol release at basal level ( Figure 4C ). Increased lipolysis in these mice was accompanied with increased expression of β-adrenoceptor 3 (Adrb3) and Adrb1 mRNAs ( Figure  4B ).
Enhanced lipolysis in WAT of Atf4
Increased expression of β-oxidation-related genes in WAT of Atf4
−/− mice To examine if genes and proteins related to fatty acid β-oxidation are differentially regulated in WAT of Atf4
and Atf4
−/− mice, we examined the expression levels of mRNAs for the transcription factor PPARα and its target genes carnitine palmitoyltransferase 1 (CPT1) and medium-chain acyl-CoA dehydrogenase (MCAD). Expression of these genes was significantly increased in WAT of Atf4 −/− compared with Atf4 +/+ mice ( Figure 4D ). Despite increased expression of β-oxidation-related genes, levels of ATP in WAT were very much lower in Atf4 −/− compared with Atf4 +/+ mice ( Figure 4E ), which is associated with significantly increased expression of peroxisome proliferators-activated receptor gamma coactivator 1 (Pgc1α) and Ucp2 ( Figure 4F ). We did not see difference in UCP1 expression in WAT between Atf4 −/− and Atf4 +/+ mice ( Figure 4F ). Furthermore, the expression levels of UCP3 were lower in WAT of Atf4 −/− compared with Atf4 +/+ mice (data not shown). Figure  5A ). Expression of the mitochondria marker, Nrf2, was also upregulated in these knockout (KO) mice ( Figure  5A ). In addition, levels of lipoprotein lipase (Lpl), fatty acid transport protein (Fatp), fatty acid-binding protein (Fabp) and Cd36 mRNAs were also significantly increased in BAT of these mice ( Figure 5B ).
Increased expression of UCP1 in BAT of Atf4
−/− mice Increased fatty acid oxidation is expected to be accompanied with higher levels of ATP production. By contrast, ATP levels in BAT were very low in Atf4 Figure  5C ). Consistent with changes in mRNA levels, UCP1 protein levels were also increased in these mice ( Figure  5D ). Furthermore, oxygen consumption was also significantly increased in BAT isolated from Atf4 −/− mice ( Figure  5E ). There was no significant difference, however, following stimulation with oleate ( Figure 5E ). In support of this, BAT seems to be much denser in Atf4 −/− mice ( Figure  5F ). Consistent with the higher expression of UCP1, the basal core body temperature of Atf4 −/− mice was higher than that of wild-type mice ( Figure 2F ). Moreover, Atf4 −/− mice displayed higher expression of UCP1 and core body temperature in response to cold stress (data not shown).
To investigate the mechanisms of increased UCP1 expression, we examined expression levels of transcription factors that regulate UCP1 gene expression, including PGC1α and PPARγ [25, 26] . Expression of Pgc1α and Pparγ was significantly increased in BAT of Atf4 −/− mice compared with Atf4 +/+ mice ( Figure 5G ). Increase of UCP1 is regulated by the SNS through the activation of Adrb1 and Adrb3. Our results showed that levels of Adrb1 and Adrb3 mRNAs were significantly increased in BAT of Atf4 −/− mice ( Figure 5G ).
Discussion
As previously reported, Atf4 −/− mice are smaller [16] . We noticed that, however, Atf4 −/− mice were leaner and accumulated less fat in their WAT. The goal of our current study is to elucidate the molecular and cellular mechanisms underlying the reduced fat mass in Atf4 −/− mice. Our results suggest that the reduced fat mass in Atf4 −/− mice was caused by increased energy expenditure, rather than decreased food intake. Furthermore, the increased energy expenditure was due to increased ther- It is well known that ATF4 is involved in regulation of ER stress, osteoblast biology, amino acid metabolism and glucose metabolism [20, 21, 27] . There has been no report, however, showing that ATF4 regulates lipid metabolism. ATF4 belongs to the CREB family. Several studies have suggested a role for CREB in regulating lipid metabolism. For example, mice deficient in CREB develop fatty liver and display elevated expression of the nuclear hormone receptor PPARγ [28] . Furthermore, it has also been shown that CREB inhibits expression of SREBP1c, another key transcription factor regulating lipogenesis, and this effect is antagonized by ATF4 [29] . These studies suggest a possible involvement of ATF4 in regulating lipid metabolism. This hypothesis was confirmed by our current study, which provides in vivo evidence indicating a role for ATF4 in the control of lipid metabolism in WAT and thermogenesis in BAT.
Our results suggest that the decreased fat mass in Atf4 −/− mice was caused by a reduction in cell volume rather than cell number. Since adipocyte volume is determined by the content of intracellular lipids [30] , we hypothesized that reduction of adipocyte volume in Atf4 −/− mice results from suppressed lipogenesis and increased mobilization of intracellular fat. Consistent with this possibility, protein levels of FAS and SREBP1c decreased significantly in WAT of Atf4 −/− mice, suggesting decreased lipogenesis. A previous in vitro study showed that ATF4 is a positive regulator of SREBP1c expression [29] . Despite the decreased protein levels, mRNA levels of Srebp1c, however, are higher in WAT of Atf4 −/− mice, suggesting that ATF4 may regulate Srebp1c expression at the translational level. FAS and SCD1 are direct target genes of SREBP1c. The low levels of FAS and SCD1 mRNAs are consistent with the low protein levels of SREBP1c in WAT of Atf4 −/− mice. Fat mobilization is normally mediated via increased activities of the SNS [31, 32] . Increased release of NE from sympathetic nerves activates Adrb3 on the surface of adipocytes, increasing intracellular levels of cAMP that activates PKA, which mediates phosphorylation and activation of HSL [33, 34] . Increased expression of Atgl and Perilipin is also required for fat mobilization [33, 34] . Levels of p-HSL, as well as Atgl and Perilipin A expression were upregulated in WAT of Atf4 −/− mice, suggesting an increase in lipolysis in these mice. The glycerol release following stimulation with the β-adrenoceptor agonist isoproterenol was significantly higher (5-fold) in WAT isolated from Atf4 −/− compared with Atf4 +/+ mice, suggesting an increased capacity for lipolysis in response to NE in these mice. In fact, levels of serum NE were much higher in Atf4 −/− mice, suggesting that the increased lipolysis is mediated by increased activities of SNS in these mice. In addition to the SNS, fat mobilization can also be regulated by hormones, such as insulin, which acts to inhibit lipolysis. Levels of serum insulin, however, are unaffected in Atf4 −/− compared with Atf4 +/+ mice. Further investigation will be required to determine the relative contributions of the SNS and other hormones in the regulation of increased fat mobilization in Atf4 −/− mice. Taken together, these results suggest that reduced fat mass in Atf4 −/− mice is caused by suppression of fatty acid synthesis and activation of TG lipolysis. These changes are consistent with the observed low RER, which implies that fat is the major source of energy in Atf4 −/− mice. Because of the lower levels of serum TG and FFA, we speculated that FFA are either oxidized in WAT or secreted into circulation and metabolized by other tissues, such as liver, skeletal muscle or BAT. Expression of β-oxidation-related genes was upregulated in WAT and BAT, but not in liver and muscle, in Atf4 −/− compared with Atf4 +/+ mice. As fatty acid oxidation in WAT makes only a minor contribution to removing fatty acids [35] , we hypothesized that increased β-oxidation in BAT makes primary contributions to utilize fatty acids and decrease serum fatty acid levels in Atf4 −/− mice. Consistent with this possibility, genes encoding proteins involved in fatty acid uptake, including Lpl, Fabp, Fatp and Cd36, were increased significantly in BAT of Atf4 −/− compared with Atf4 +/+ mice. BAT is of major importance in the regulation of thermogenesis and energy expenditure, which is achieved by increasing expression of UCP1 [7, 36] . The role of UCP1 in thermogenesis-regulated body weight control is demonstrated by the development of obesity in UCP1-KO mice [8] . Moreover, upregulation of UCP1 expression results in increased thermogenesis and energy expenditure, which helps to protect from fat accumulation and obesity [37] . In the current study, we showed that levels of UCP1 mRNA and protein increased significantly in BAT of Atf4 −/− mice. Consistent with these changes, oxygen consumption in isolated BAT was also increased in Atf4 −/− mice. Since there was no difference in locomotor activities between Atf4 −/− and Atf4 +/+ mice, the increased thermogenesis accounts for the major part of increased energy expenditure in Atf4 −/− mice. Consistent with this, rectal temperature of Atf4 −/− mice was consistently higher throughout the 24-h period at the basal level, as well as in response to cold stress.
Expression of UCP1 is under complex control by the SNS and hormones including NE, EPI and T3. Atf4 ever, were significantly increased in Atf4 −/− mice, suggesting a possible involvement of the SNS in enhanced UCP1 expression. It has been reported that Ucp1 expression, in response to activation of the SNS, is upregulated by the transcription factors PGC1α and PPARγ [25, 26] . Pgc1α and Pparγ expression were also increased in BAT of Atf4 −/− mice, suggesting that the increased UCP1 expression is mediated by PGC1α and PPARγ. Alternatively, expression of UCP1 could also be activated by increased intracellular fatty acid levels [7] . Consistent with this possibility, genes encoding fatty acid transport proteins were upregulated in BAT of Atf4 −/− mice. While our manuscript was being prepared, Graff and co-workers [24] reported a potential role of ATF4 in regulating metabolism in invertebrates and mammals. Consistent with their findings, we also found that Atf4 −/− mice are lean, have increased energy expenditure and display higher core temperature. There are different results, however, regarding serum glucose and insulin levels, as well as UCP1 expression in WAT and BAT of Atf4 −/− mice, between our and their work. They, and another group [38] , reported that Atf4 −/− mice are hypoglycemic with higher level of insulin [24] . By contrast, we did not observe any difference in serum insulin and glucose levels in 8-12-week-old Atf4 −/− mice compared with their wildtype control mice. Furthermore, they showed that UCP1 expression is much higher in WAT, but not in BAT, of Atf4 −/− mice [24] . By contrast, we found that UCP1 expression increases significantly in BAT, but not in WAT, in Atf4 −/− mice. We consider the difference could be due to the different background of mice used in our and their studies. In addition, we also analyzed changes of lipid metabolism in WAT of Atf4 −/− mice and found that ATF4 plays a key role in regulating lipolysis, fatty acid oxidation and lipogenesis.
In summary, we show that the decreased fat mass in Atf4 −/− mice is caused by increased fat mobilization and suppressed fatty acid synthesis in WAT, as well as increased thermogenesis in BAT by increasing the expression of UCP1. Taken together, our study identifies a possible new function for ATF4 in regulating lipid metabolism and thermogenesis. Increased energy expenditure caused by ATF4 deletion provides a rationale for developing drugs targeting ATF4 for treatment of obesity and associated metabolic diseases.
Materials and Methods
Animals
Heterozygous (Atf4 +/− ) mice on 129 SV background were kindly provided by Dr Tim Townes (University of Alabama at Birmingham) [16] . Heterozygous (Atf4 ) mice and genotyping were performed as previously described [39] . Male Atf4 +/+ mice and Atf4 −/− mice (2-3-month-old) were maintained on a 12 h light/ dark cycle at 25 °C, and were provided free access to commercial rodent chow and tap water prior to the experiments. Food intake and body weight were recorded daily. Animals were killed by CO 2 inhalation, and trunk blood was collected for the assays described below. Body and tissue weights were recorded at the time of killing. WAT and BAT were isolated and put into 4% paraformaldehyde buffer immediately for histological study, as described later. All animal experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Institution for Nutritional Sciences.
Indirect calorimetry
Male mice (2-3-month-old) were maintained in a comprehensive lab animal monitoring system (Columbus Instruments, Columbus, OH, USA) for 24 h according to the instructions of the manufacturer. After the mice adapted to the metabolic chamber for 6 h, volume of O 2 consumption and CO 2 production were continuously recorded over 24-h period.
Rectal temperature measurement
The rectal temperatures of the mice were measured using a rectal probe attached to a digital thermometer (Physitemp Inc, NJ, USA).
Serum measurements
Serum was obtained by centrifugation of clotted blood and then snap-frozen in liquid nitrogen and stored at −20 °C. Serum TG, total cholesterol and free fatty acid levels were determined enzymatically using TG reagent (wako, Japan), Infinity cholesterol reagent (wako) and NEFA C reagent (wako), respectively. Serum NE, T3 and EPI levels were determined using ELISA Kits from R&D. All of these assays were performed according to manufacturers instructions.
Histological analysis of WAT and BAT
BAT and WAT were fixed in 4% paraformaldehyde overnight and stained with hematoxylin and eosin, as previously described [40] . The WAT cell volumes were analyzed as described previously [41] .
BAT in vitro oxygen consumption measurement
Brown adipocytes were isolated and oxygen consumption was measured using a Clark-type oxygen electrode (Hansatech Instruments Ltd, Norfolk, England), as previously described [7] , with minor modifications. Each sample was analyzed by incubating 1 × 10 6 cells in a magnetically stirred chamber at 37 °C. After the basal respiration was recorded, 5 mM oleate was added to determine the maximal oxygen consumption.
Glycerol release assay
WAT was removed and incubated in Krebs-Ringer Hepes buffer (KRHB) containing 1 mg/ml collagenase (Sigma) and 2% BSA, as previously described [42] . Freshly isolated adipocytes were incubated in KRHB containing adenosine deaminase (Sigma) in the absence or presence of β-adrenergic agonist isoproterenol (1 µM). Lipolysis was assessed as the release of glycerol in the www.cell-research.com | Cell Research Chunxia Wang et al. 183 npg cultured medium, as described previously [43] , with free glycerol reagent (Sigma-Aldrich, St-Louis, MO, USA).
RNA isolation and relative quantitative RT-PCR
Total RNA was prepared from mouse tissues by using TRIzol reagent (Invitrogen). RNA (2 µg) was reverse transcribed with random primers (Invitrogen) and M-MLV Reverse Transcriptase (Invitrogen). Quantitative PCR was performed with a qPCR core kit for SYBR green I (ABI) in an ABI 7500 system (Applied Biosystem). PCR products were subjected to a melting curve analysis. At a specific threshold in the linear amplification stage, the cycle differences between amplified GAPDH (as an internal control) and cDNAs of interest were used to determine the relative expression levels of the genes of interest. Primer sequences used in this study are available on request.
Western blot analysis
Whole-cell lysates from frozen tissues were isolated using RIPA lysis buffer (150 mM Tris-HCl, 50 mM NaCl, 1% NP-40, 0.1% tween-20). Protease and phosphatase inhibitors were added to all buffers before experiments. Protein concentration was assayed using BCA protein assay (Pierce, Rockford, IL, USA). Primary antibodies (anti-FAS antibody (BD Scientific), anti-CPT1, anti-p-HSL, anti-PPARα, anti-PKA substrates and anti-HSL antibodies (Cell Signaling), anti-SREBP1c and anti-UCP1 antibody (Santa Cruz Biotechnology)) were incubated overnight at 4 °C and specific proteins were visualized by ECL Plus (Amersham Biosciences). Band intensities were measured using ImageQuant (BioRad Laboratories) and normalized to β-actin.
Data analysis
All data are expressed as mean ± SEM for experiments and numbers of mice used as indicated. The two-tailed Student's t-test was used to evaluate statistical differences between Atf4 +/+ and Atf4 −/− mice (two-tailed Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001). Means for all parameters examined in current study were calculated independently for male mice. No statistical difference in the parameters examined between male and female mice was observed (two-tailed Student's t-test, P > 0.05).
